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ELECTROCHEMICAL MEASUREMENTS IN MOLTEN NaOH

H. J. Krﬁger, A, Rahmél and W. Schwenk
Research Institute. of Mannesmann AG,
Duisberg, West Germany

U';k

Abstract -- A thermodynamic discussion of the Pt/0 o
electrode in molten NaOH shows that the redox potential
depends on PO > Py g @p_2- and an2—- Potentlal measure-

52 2 2
ments have shown that the reaction @2 + 2e” = 022‘ deter-

mines the potential. Of all the electrode materials in-
vestigated -- Pt, Au, Ag, Ni and Fe -- only the last one
exhibits a p051t1ve potentlal shift relatlve tq the other
metals; this shift has been ascribed to O2 depletlon
following corrosion.

The peroxide reguired for the corrosion reactions.can
be formed only by chemical reactlon of the melt with O
but not by anodic oxidation, since peroxide oxidation
essentially precedes the oxidation of hydroxide ions to v
oxygen and water vapor. In both anodlc and cathodic
peolarization, peroxide reaction. and genetrates limiting
currents, the anodie reation being less inhibited. Water
vapor is reduced cathodically, generating limiting cur-
rents, before NaOH is reduced to H2 and OH-, Anodically,
Pt corrosion is stimulated by water vapor, productrigi.
current fluctuations. In pure molten NaOH, the cathodic
reduction may be assumed to be the formation of H2 and
Nago, and not Na deposition.

Introduction _ /626

Along with studies on the corroslion of certain metals and
oxides in molten NaQH [1], eléctrochemical experiments were also
conducted in these melts, and the results will now be reported.

The objectlive of these studies was to gain somewhat more insight

¥ Numbers in the margin indicate pagination in the,foﬁeign text.



into the reactions ocecurring when steels are pickled in molten
NaCH, particularly in the so-called "Hooker Bath'.

The electrochemical properties of metals and oxides in molten
NaCH has not been studied very much. Néumann and Bergve [2] elec~
trolyzed mixtures of molten KOH and NaOH. Agar and Bowden [3]
studied the evolution of oxygen on nickel and platinum electrodes
at 340° C¢. Stern and Carlton [4] measured potentials on silver,
copper, nickel, cobalt, and tungsten between 340 and 6009 C. Kern
and c¢o-workers [5,6] recorded current-density/potential curves and
found that there werellimiting currents in the cathode area, de-
pending on the water content of the melt, and that these currents
were due to cathodic reduction of the water. The most comprehensive
studies were conducted by Goret [7] on eutectic melts of NaOH and
KOH ét 220° C. Current-density/potential curves were recorded for
platinum, gold, and nickel. Limiting currents observed in the
cathode area were likewise attributed to the reduction of the water
in the melt. : Also, the reduction of peroxide added were formed
from oxygen yielded limiting currents propertional to the peroxide
content.

The problem of a reference electrode stable in alkali hydroxide
has not yet been satisfactorily resoclved. Because of the great
aggressivity of these media, glasses and .other materials contalning
SiO2 cannot be used, since they corrode very rapidly. For this
reason, in the few studies conducted so far, the reference electrode
is often just an inert .precious-metal-wire electrode dipped into
the melt [3,4]. As will be shown, constant experimental conditions
usually give rise to potentlals which are quite constant in time.

At the same time, proposals have been made for a reference electrode
in molten alkali hydroxides. Rose, Davis and Ellingham [8] used an
oxygen electrode with silver or platinum wire to measure the en-
thalpy of formation of Sn0O, and PbO in NaOH between 400 and 700° C.
Kern and co-workers [5,6] gave two reference electrodes in . suc-
cession. The first consisted of a palladium tube closed at one end,
with internal hydrogen ¢lrculation. Because of the solubility of
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hydrogen in palladiism, this electrode was said to be based on the
HZ/HQO equilibrium in the melt. However,‘the system did not work
quite satisfactorily, since any change in the water content of the
melt influenced the equllibrium potential. The second reference
electrode developed for thls reason. was a metal/metal-oxide elec-
trode and was based on the solubllity of Au203 in molten alkali
hydroxide. To make 1t, gold was disolved anodically until the
maximum solubility was reached. The melt was placed in an alumina
tube, closed at one end with a porous graphite stopper, and the
gold wire immersed in it. The electrode was Said to be usable be-
tween 200 and 500° C, and quite insensitive to changes in the

gas atmosphere.

Theoretical Foundations of the Redox Potential

In the present experiments, a Pt/O2 electrode was stiudled with
the following concentratlon: chaln
Pt(O,/H,0)/NaOH, 0% or+, 02 /NaOH, 0% 31 Oz ~[Pt(0,/H,0).|
The eruclal factor in determining the ¢pdHtential may be the /627
rediuction of oxygen to the oxide anion

0, + hem = 2 Q%7, (1)

However, since Lux and Niedermaier [10, 11] state that molten
NaOH containing oxygen exhibits considerable concentrations of per-
oxide, a stepwise reductlon of the oxygen must also be considered.
These electrode reactions

0, + 2e” = 022- (2)
0,2= + 2e~ = 270%- (3)
obey the Nernst equations
(a) for (1) B = f:x _?'m"ﬁ'- (1)
) ,F VPO,V )
| RT, ag.
(b) for (2) E,=E° — ——In-2—
TR TIF N, (5)
(C) for (3) Ea-"Ea --2—-Ina5’-. (6)
,aogr"_



The chemical reactions in the melt can be described by the

foliowing equations

H,O + 0%- = 2 OH-, (7)
with , : '

. = —-""__' y 8
| K, o P (8)
O + H,0 = 20H™ + }0,, (9)

with R A |
K=__1% 0
. Gop-Pa0 - (10)

t In (8) and (10}, agy- is assumed to be constant. We also

presume that the phase equilibria

melt ‘2488
u = q (11)
HQO HEO
and ,
ugelt - u%as (12)
2 2
are reached, so0 that the actlvities ay g QL 3y can be replaced by
2 ‘ 2

the partial pressures D, , O P
H2O Y 02
Through reactions (7) and (9), the four varlables py , Py g

ag2-> and an 2_ are in eguilibrium. Except for the combindation of
variables (ag s Py O), fixing any two of the variables determines
the other twoS  Thif yields a total of [%] - 1 =5 possible com~
binations. In eguilibrium, all three electrode reactlons (1), (2),
and (3) have the the same potential, which cbeys-e.g. the equation
(13), derived as a function of pHEO and 902. However, this can alsc
be given as a function of anyone of theu: five varilablei:combinations

(apz2_5 Pr Js (84 25 Pr )5 (24 2-, D ), and (a, 2-, a~ _). /628
02-» Pots L8, 0,77 ‘20,2 Py 0’ 0,%-* 2o, 7528

_ Cer . _
E E++- mpo'+ mPHO (13)



Because of this dependence of the redox poténtial of the molten
NaOH on the partial pressures of oxygen and water vapor, a reference
potential could be established. The reference was chosen to be the

potential obtained for platinum in NaOH under Pq = 0.98 atm and
2

Py o= 0.02 atm. With the aid of (13), all méasured potentials were
converted %o this reference point, so that in most of the experiments,
the reference electrode did not'réquire its own electrode space. It
is easy to obtaln the water-vapor partial pressure of 0.02 atm ex-
perimentally, since the corresponding dew point is 17.7° C.

Apparatus and Execution

The organization of the experiment can be seen in Fig. 1. The
actual reaction chamber in the interior -of the furnace is formed by
a nickel pipe welded to the base. Nickel was chosen to be the mater-
1al for the reaction vessel, since it is guifte resistant to vapors
from NaOH and also to overflowing NaOH melt if there are leaks in the
crucibles. The upper end of the nickel pipe was sealed with a vacuum-
type flange Jolnt. The gulde tubes for the electrodes and a thermo-
couple were four pipes of 18/8 chromium-nickel steel, projecting 10 cm
into the reactlon chamber, and hard soldered to the cover by gas-
tight joints. The gas 1ntake tube was attached in the same fashion.
Just below the upper end of the plipe, a connection for allowing gas
to escape or for hocking up a vacuum pump was welded on. Above the
support plate, the pipe was cooled by water flowing through a copper
coil. The furnace temperature was regulated largely by hand, utiliz-
ing constant voltage. The temperature, measured by a Pt/Pt-Rh thermo-
couple immersed in the melt, usually fluctuated by less * 20 C.
Because of the aggressive nature of the melt, we did not bother with
a protective Jacket for the thermocouple., Most of the experiments
were conducted in cylindrical crucibles of fine silver 0.5 mm thick,
41 mm in diameter (exterior), and 50 mm tall. A platinum crucible
or a crucible of pure alumina was uséd in isolated cases. As a rule,
the melt sat under the reaction gas for about 2 hours beforesmeas—
urements - began, in order to permit melt/gas equilibration to occur.
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Because of the aggressive nature of the molten ﬁaOH, the de-
giéﬂ and .'w arrangement of the electrodes raised numérous problems.
The best electrode holder proved to be a pure nickel‘tﬁbé 0.5 mm
thick, 3.5 mm in diaméter (exterior), and 555 mm long. At one end
of the tube,a pure nickel c¢ylindrical stopper 3 mm long was inserted
and welded in a gas-type seal to thé‘tube. Thén a platinum wire 0.5
mm in diameter was drawn through the tube and through a 0.6 mm hole
in the stopper. The tube was then scaled for 40-50 h at 1180° C in
air, oxygen being introduced into the pipé during the first 10 hours
to promote oxidation. Oxidation of the nickel émbedded the platinum /629
wire 1in the stopper, and Insulated the wire from the metallic nickel
by a dense nickel-oxide layer of high electrical resistance. Affer
the oxidation, a check was made to ensure that there were no leaks
around the platinum wire. Also, the reslstance between the nickel
plpe and the platinum wire was measured. At room temperature, the
resistance was greater than 1059, while it was about one order of
magnitude lower at 500° C. After each test, the electrodes were
washed free of alkali using distilled water, the c¢losed end of the
pipe and the platinum wire were annealed for a short time, and the

résistance measurement was repeated.

In the experiments involving pure nickel and pure 1ron, 0.15 mm
thick metal strips were welded to the platinum wire of the electrode.
The 20 mm long strips were immersed about half way into the melt.

The surface of the specimans was about 1.3 em?. Almost all the
electrochemical tests were carried out with thése electrodes, the
egsential feature of which was the platinum wire being held in the
nickel pipe by the oxide. In this form, the electrodes could serve
as reference electrodes, counter electrodes, or measuring electrodes.

Experiments on the effect of the partlal pressures of oxygen iﬁiﬂ
where water vapor on the redox potential of NaOH, the platinum
electrodes were passed through alumina tubes 4.5 mm thick, 8 mm in
diameter (exterior) and 545 mm long. Gases were introduced through
these tubes. The alumina tubes used to separate the electrode:
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spaces had a 0.5 mm hole 1In the lower closed end, so that there was
an electrolyte bridge between the two electrodes across the melt in
the cruecible.

In experiments on the change in redox potential due to addition
of salts, the electrode space for the molten NaOH without additives
(reference electrode) was a short piece of pipe, closed at one end,
mader of aluminum oxide, 2.5 mm thick, 17 mm in diameter (exterior),
and 60 mm long. There was a hole 1 mm in diameter about halfway up
the pipe (about 10 mm above the melt in the crucible)}. The electro-
lytic connection between the melts in the crucible and in the pipe
was produced by molten NaOH climbing the pipe.

The potential was measured without capillary probes. The meas-
ured value was off by the chmic voltage drop in the electrolyte.
However, this error was small because of the high specific electrical
conduetivity of molten NaOH -- e.g. 0.303 @ + cm at 4500 C [9].

An estimate indicated that the voltage drop should be < 0.5 my/mA..
The degree of purity of the fine gold, fine silver, and chemically
pure platinum was 99.98%. The pure iron melted in - vacuum con-
tained . > 99.9% Fe as well as 0.028% N and 0.02% each Mn

and Si. The other impurities were <-0.01%. The 2 mm nickel sheet
contained 99.8% Ni and a maximum of 0.02% of any other element,
according to the flgures of the manufactuer. The NaOH employed
{analytical grade) was in the form of plates according to our
analysis, 1t contained 0.2% Na2003 and about 0.7% HZO‘ The sub-
stances Na2003, NaNOB, NaNO
Na2
purity, or mixtures of these gases with 1 or 10% O2 were employed.

5 and Na202 were analytical grade. The

0 was 98% pure. Oxygen with 99.9% purity, nitrogen with 99.99%

The water wvapor content was < 100 ppm leaving the bottle and 150-

250 ppm leaving the apparatus. To achieve specifie partial pressures
of water vapor, the gas was passed through three successive thermo-
static washing bottles filled with distilled water.



Experimental Results

{(a) Measurement of Redox Potentlal

In the experiments on the influence of the oxygen partial -
pressure, py o, = constant. For 500° C, (13) gives the following

value after numerical values have substituted for R, F, and T:

3E
(8 In po’) oo 00383 V. / (14)
¢

Fig. 2 shows that the experimental values lie very close to tﬁe
theoretical line with the fault given by (14). In the experiments
on the influence of the water vapor partial pressure, Py = constant.

2
f a ln PH‘O

Pos

For 500° ¢, (13) gives

= 0.0765 V/ | (15)
For L400° C, this quotient is 66.7 mV. Fig. 3 shows that the

experimental values for 400 and 500° C agree well (15). The slope

is independent of whether oxygen or nitrogen is used as the carrier /631

gas for the water vapor. The difference of 155 mV between the

parallel lines for oxygen and nitrogen corresponds to an oxygen

content of about 0.01% in the nitrogen.

Fig. 4 gives potential vs. time for platinum in NaOH under
oxygen as the partial pressure of the water vapor is varied. Equil-
ibration between the melt and the reaction gas is much faster when
the water vapor pressure 1s raised than when it 1s lowered. Under
nitrogen, the situation is precisely reversed.

Since tHe thermodynamic analysis does hot show which reaction
determines the potential, we next investigated non-equilibrium
states, in which oxide or peroxide 1s added to the molten NaOH with
constant gas flow.

Increasing the oxide i1on concentration in the melt by adding
NagO hardly changed the potentlallat all under both oxygen and



lential, mV

‘Polential,

nitrogen. According to (4),

!\ the fact that the potential is

//,/’ independent of Na,O addition

. : " means that the electrode re-

=200 //f// action (1) is not potential-

. A determining. It can also be
1///, deduced that an électrode re-

VN -
: (" " indoratischa Gerade ; action corresponding to (13)
L BE  _ag3mv . e .
A log 25, , and obtained by combining (1)

///’ and (7), i.e.

a0 . O2 + 2 HEO + 4e”™ = 4 QH™ (16)

=30

«250

=300

cannot be potential-determining

- -4 -3 -2 -i . [+ J

log 2, (2. in olm) either. This does assume., how-
02 "0z 2

ever, that reaction (7) takes

Fig. 2: Influence of 0, pressure place fast enough, and that
on ‘potential of Pt/0, electrode . . ] +

¢ontent = 0.025%). | and 0°~ ions.

Key: a. theoretical line
i ' Adding N3202 yielded a /633

clear connection between po-

~potential and peroxide concentration in the melt under both oxygen

and nitrogen. The results are shown in Fig. 5., With the usual
pre-melting time of 2. hours under nitrogen (curve..a) and.urider
oxygen (curve b), the following relation is obtained

RT
E=K—_—le, |
2F . | (17)

where ¢ 1s the concentration of peroxide ion added in wt-%. This

equation corresponds to (5) at constant Py . Substituting the
numerleal values for R, T, and F supplies

E=E°—0,0765log <, (17a)
. Po,
E = K(po) — 0.0765 log c. (17b)
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This equation corresponds to the

L SR solid lines in Fig. 5. This result:ub

| . . .

h o implies that electrode reations

| [ . Souersiofl, 400°C ) iy . .

‘[ ‘Ab““mwﬂwwqyy° ‘ (2), i.e. reduction of oxygen to

f -s0 4 peroxide ion, takes place rapidly

J _ : :

f 2/ ~sieon. soowc and is therefore potential-determin-

i A/ 1B ETES80g 5y, oImy]) .

:‘E =100 /' lng.

g . ,f/ /// Electrode reation (3) cannot

!i_E- Ly L -

& - 7 /P, Be potential-determining for the

I - N

: /; following reasons. At constant

F -20¢ : oxygen pressure, the oxlde ion

| /<fb : ' concentration is proporticonal to

P Aaﬂiﬂmfﬁjmwr the peroxide concentration, as in- /634
- ///é dicated by combining (7) and (9):

‘=300

3 / 022_ = 027 + 1/2 02. (18)

-4 =3 -2 -1

log Puolpy, in aim}
S If this equilibrium were reached

Fig. 3: Influence of H,0 pres- rapidly, the potential would have

S o tenti
egggtrgdgoian;gé gi Egogand to be independent of any addition of
500° C (solid lines = theoret- either oxide or peroxide, 1f the
ical lines). :

electrode reaction (3) were potentlal-
Key: a. oxygen determining. If the equilibrium

b. nitrogen
(18) were reached very slowly, the

potential would be changed by add-

ing either oxide or peroxide. Both possibilities conflict with the

measurenents.

Equation (17) contains the assumption that the peroxlde concen-
trations ¢ present before the addition was small indcomparison with
the added peroxide c. Otherwise, the equation would have to read

RT
E=k-—gFhta (19)

11



The curve for function (19)

I i - ) L]
0+ 0-025% H,0~0,+170% H;0 (400°C) | a. , has two branches in a sim-
B mm =y = — A = =i ErNGhURG des Wosserdompfieildruckes . . .
Co+ 0-025% Ho0-=0,+ 1-62% H,0 [S00°C) ple logarithmic coordinate

iz -0 system. The asymptotes
f; correspond to the equations
5 _
£ _ R ] "y (19a)
8 ~i00 02+ 1 TQ % H,0+0,+0-025% E=k (ZFT') o 10 log eq fore < e,
/ H:0 {400°C) b _
QO +162% Hp0 =05 0-025% - ‘ R
, . H:0 {SQ0°C) Erniedriqung des —_ — = . 3
|7 L, | P () 0 eetire > a0
) ! . =
[+] [ . ] 3 j 4
Zeit, h

’ The first line is parallel

Fig. 4: Equilibration of potential to the horizontal axis and

of Pt electrode after changing

H,Q partial pressure in 02 at .
460 and 5000 C. sero peroxide addition.

deseribes the potential for

. . . The intersection of the
Key: a. raising partial pressure

of water vapor two lines has the coordi-

b. lowering partial pres-

ates E,,c,. The initial
sure of water vapor nate 0*~0 ¢ 1

cqpcentration ¢y can be

found in this way. In
accordance with Fig. 5, we find Cy = 0.028 wt-% under oxygen, and
0.029 wt-% 022_ under nitrogen. The low peroxide content of the melt
under oxygen appears to contradict the statements of Lux and co-
workers [11]. However, this can be explalned by supposing that the
equilibrium (9) between peroxide and oxygen 1s not achleved in the
relatively short time of two hours. Therefore, experiments were con-
ducted in which the molten NaOH was held 29 hours under oxygen with
differing flow rates, before the peroxide was added. As Fig} 5 shows,
the influence of identical peroxide doses on the redox potential dim-
inishes with increasing oxygen flow rate.during the premelting per-
iod, so that peroxide formation increases with rising flow rate dur-
ing the _prémelting period.

The initial concentration of peroxide can be calculated with

the aid of (1 : .
(19) AE=£-(=+“_EM):-R_TIR(.E_;_1)
(] (1] 2F Co

(20)

12



with
¢

C°=

|- R —  ep () ! (21)
/ Potentiol_der, Schmelze_ohne Zusotz unter 0 | a, 337
[ T
> N Sk . If AE is replaced by the experimental
\ \‘\ ‘-"Q:!‘_{/
-0 AN S values for a.peroxide dose c of /635
~ ,
) ;A‘d 1.60 wt-%, flow rates of"9, 50, and
-2%0 AN ' 70 standard & O,/h ylelded initial
4 b Potential der ] peroxide concentrations c, of 2116,
. -300 Scbmtl:e ohne Zusotz unter Np 5. 80 , and 3 20 Wt—% after 29 hours.
E : \\\ ' X\\KJ These values are guite close to those
& -3 T of Lux and co-workers [11], namely
\ 3.5-5 wt-%.
~400
Cl Kurve Ja cdu\\ The 1nfluence of some other
arachmeiz- o) : ; .
qfvmuﬁ Gl i \\\ sodium salts was studied at 500°.C
Gos  [N21D2102020 . under oxygen and nitrogen. Adding
Irdfnungige- le. L h
© Pisaen| 9] 9|9 Foy the salts Na,CO,, NaNO,, NaNO;, NayCro,
-2 < - of 1 3
"log €02 ~{coz-in Gew. - %) Na20r207, Na2B407, and NaAlOE, which
) are present in the "Hooker Bath",
Fig. 5: Influence of Na,0, caused virtually no change in the po-

additlon on potential Pt tential
electrode in NaOH at 500° C. entilal.

Key: a. potential of melt
without addition under O (b} Measurement of Rest Potential for
b. poctential of mel% Platinum, Gold, Silver, Nickel and

without addition under N2 }ron
c. curve :
d. pre-melting time Rest potential vs. time was
e. flow rate : : .
f. wt-percent measured for various metads: under

pure oxygen, under nitrogen with 1-10
vol-% oxygen, and under pure nitrogen. Regardless of the atmosphere,
virtually identical rest potentials were obtained for gold and silver,
shifted by + 7 + 1 mV relative to that of platinum. As the oxygen
partial pressure was reduced, 1t took longer and longer for the con-
stant rest potential to be reached. This tendency was more distinct
fior gold than for silver. Rest poténtial vs. tlme 1s plotted in

13



Fig. & for iron and nickel. A%t the beginning, the potentials were
more negatlve than the steadystate‘Valﬁés. While the potential of
nickel was practically thé same as that of platinum, iron exhibited

a potential up to 55 mV more positivé than platinum. This difference
became smaller as oxygen partial pressure decreased. Decreasing the
oxygen content of the atmosphere madé the rest potentials of iron

and nickel less reproducible and more negative than those of gold

and silver. Just after 1nsertion, potentials between =500 to
-600 " mV were measured for iron and between -700 to -.-800 mV for
nickel, relative to platinum. The nickel speciméns remalned metalti

liecally shiny: in brief experiments.

-50 — .
e ——— l ----- i---u
__?lﬂa -D—-—--‘J--"c"—j"J : === = 3 1
f}a"‘u' al : \F'}
[. . : L-Ni ¢ O,
+
T 50 Sl e hedma ;.%._‘{/i}
T & — el =l — B o e flm = =y — — — - "--
'3 - -|""‘--. - -\‘“‘Fe :
2 e < C—=L_P1 § Ny + 10 Vol.-% 0
¥ aoola ! —Ni :
=] / -
L 1
. 1
ERNRU |
1
C asof—
~-2s0f
F
. :
. =300 !
(-3 2 3 4 s 6 ? F]

& Zeit, h

Fig. 6: Rest potential of Pt, Ni, and Fe vs.
time in different gases. [Key: a. time]

(¢c) Galvanostatic Studies on Platinum, Gold, and Silver in NaOH,
NaNO and a Mixture of These Salts. '

3!

The results of galvanostatic polarization measurements are
shown in Fig. 7, 8, and 9. For silver, the current-density/potential
curve under oxygen and nitrogen with 1% 0, are almost parallel (Fig.

7). Fig. 8 shows the current-density/potential curves for silver,

platinum, and gold in NaOH under oxygen at 600° C. The curves /637

14



were independent of whether they were measured with rising or falling
current densitles. The polarizé'ability of metals increases sllightly
in the sequence named, the cathodic polarizabilityAbeing somewhat
less than the anodic in every case. Adding nitrates had virtually

no influence on the currentwdénsity/potential curves in NaOH for
silver. On the other hand, the polarizability in pure NaNO3 is

very large (Fig. 9).

In the galvanostatic clrcuit,
the Faraday yield of silver in
m+wmf%o;/ 0 / | NaOH under nitrogen at 400 and
' / 600° C was determined gravimetri-
/ // cally as the function of current

4 f}/ - |density. With increasing current

mAscm?
1]

density and falling temperature,

O
\‘h)
S
"

V ° X the current yileld decreases (Fig.

s ' 1 10). A cathodic redox current was
R WGl SRR /} 1 ignored in c¢alculating the Faraday
d yield, since the corrosion rate was

Stramdichte,
o

v :
S pll VA hegligible relative to anodic dis-

-t5 L
r / sociation even at the rest potential.
'”':'r:?,"'o  ~300 -2%Q =200 -~I150 -9 =50 [}

Patential, mv ) Fig. 11 shows the galvanostatically

Fig. 7: Galvanostatic current- determined anodic curves for the
density/potential curves for current and for the branch current
Ag under 0y and N, with 1% Op- of silver dissociation. The mass
Key: a. current density loss of the sllver anode usually
agrees with the silver content of
the melt. The filtrate of the solution contained no silver [1].
Often, part of the dissolved silver had depoglted on the cathode. Cor-
responding experiments for platinum and gold show that the Faraday

yields increase 1n the sequence platinum-gold-silver.
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curves for Pt, Au and Ag under O, at 6000 C.
Key: a. current density
. 7 (d) Potentiostatic Polar-
Vs ization Measurements for
25 " ;ﬁ/ Platinum, Iron and Nickel
"5 20 ‘ J (DU S NoOH ,»“5’0 Gew.-% NaCH
- )¥/'+?&?r% — In potentiostatiec hold-
) 5 G a 3 -
PR S Ap— {p‘ /Jf/ ing experiments under various
" i" - ~ -—J-’ 0
1,3 . - 44_J«r'"’ “NaNO gases at 500" C, a steady
ad ’_,andfw - current was obtained after
I ”7¥j a few minutes. TFig. 12
? -8 = shows the potentiostatically
t - -40 300 -200 -100 a 190 200
5w__ff__#mrﬁﬁmmutmv recorded current-density/
Fig. 9: Galvanostatic curren-density/ potential curves for plat-

potentlial curves for Ag 1n NaOH, NaNO

and amixturenof the two salts under
0., at 600° ¢,

2
Key:

16

a.

current density
gew.-% = wt-%

inum, 1iron, and nickel under
nitrogen and nitrogen with

10 vol-% oxygen.. Under
nitrogen, platinum is very
polarizable both anodically
and cathodically. Anodically,



the current rises very rapldly, startz
ing at about + 0.8 V. In this case,

so*l_
‘ (\\ ' ' it is obvious that hydroxide dons are
a0l ' being oxidized -‘

600°C; 1 \
N - -
. . 12 OH = HZO + 1/20, + 2e . (22)
a0 2

E ]
E 4owaixt>\! ' ' Cathodic polarization yielded very /639
% AN slight current densities at potentials
2 T><iﬁtifh through about - 1.3 V. The subse-
& 2o _x\\\\ == quent current rise maybe attributed
either to the reduction of sodium ions
1o \\H“‘whf + _
2 Na + 2¢” = 2 Na (23)
o5 or to the reduction of hydroxide lons
- 1 3 0 1v]
b, Stromdichle, mA/sem?

2 OH™ + 2™ = 2 07 + H2. (24)

i : rrent
g;%éiig-oingéﬁzgg; ;ieig gor In the experiments under nitrogen with
Ag dissolving in NaOH at the 10 vol-% oxygen, a current rise was

d
anode, under 02 at 400 an measured at Jjust -0.1 V,1n thils case,

600° C.
the electrode reaction (22) must be

. . 1
Key: % Eiii:ig giis?ty preceded by another rezction associated

with the formation of peroxide under an

atmosphere containing oxygen. The cathode current density vs. po-
tential curves under nitrogen with 10 vol-% oxygen are shifted to-
ward higher current densitilies by comparlison with the curves under
pure nitrogen. From about -0.5 V, a limiting current is developed
around -15 mA/cm?,

The current density wvs. potentlal curves for iron and nickel
under N2 + 10% 02 differ only slightly from those for platinum.
Under pure nitrogen, on the other hand, somewhat greater discrep-
ancles are observed. In the cathode-area, the curves for nickel
and platinum practically coincilde, while thé current density for
iron is about an order of magnltude greater. In the anode area,
the curves for 1iron and nickel are lower than that for platinum.
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Since potentiostatically
recorded current density vs.
ﬂ/ potentlal curves for platinum
/// agree with the corresponding

curves recorded with potential

varying by 2 V/h, the remaining

experiments were conducted
potentiokinetically. Fig. 13

b. Gesomtstrom _ _

N shows ¢urtent density vs.

20—

«glkln'

potential curves for platinum
under nitrogen with Na202

o , added. It can bé seen that
X adding peroxide has the same

Stromdichia,

Y

Korrosionsstrom

C. des Silbers — .
' ,_3>.-w—" : effect on the curves as rais-
I P .

P o ing the partial pressure of

~
n
4=
=

=50 =100 =30 a 50 100
Potential, mV

0 | oxygen. Adding slight quan-

|

: tities, less than 1 wt-%, has
Fig. 11: Galvanostatically meas-

ured current-density/potential
curves for Ag under 02 at

600° C.

practically no effect. The
cathode limiting current den-
sities i1ncrease with the per-

Key: a. current density oxlde content of the melt.
’ b. total current

¢. corrosion current
of silver inum were ceonducted under mix-

Also, measurements using plat-

tures of nitrogen and water
vapor (Fig. 14). The cathode curves show a current rise at about
-1.2 'V and finally the formation of limiting currents, which in-
crease with rising water vapor content. The drop in current density
observed with falling potential may be due to depletion of water
in the cathode area in all experiments. The further current rise
at about =-1.8 V can be attributed to the reaction in either equa-

tion (23) or (24).

In the anode area, the current already begins to rise at about
+ 0.2 V under niltrogen containing water vapor. After a short
steady curve region, current fluctuations appear. The onset of

18
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density vs. potential curves for Pt, Ni and
Fe under N, and 90% N, + 10% 0, at 500° C.

Key: a. current density

these fluctuations is shifted toward higher potentials and currents
as the water vapor content is increased. These current fluctuations
may be due to water vapor lncreasing the dissociation of the plat-
inum, followed by unstable passivity. A supporting fact is that
one-hour static-potential holding experiments at + 0.3 V under ni-
trogen with water vapor yielded more platinum or platinum oxide in

the melt then was found in an experiment ‘under dry nitrogen.

Discussion of Results

Thermodynamic analyses on the Pt/02 electrode In molten NaOH
show that the redox potential is a function ' of Py o and P02 and
of four other combinations of variables with the aftivities 4f
0,2 and Of—. ~ It has been shown experimentally that of thé three

2
possible electrode reactlons, the reduction of 02 to 022“ takes

place fast, and is thus potential-determining.
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Fig. 13: Influence of gas composition and addition
of Na20 on current density vs. potential curve for
Pt at 5600 C (potential varying at 2 V/h).

Key: a. current density
Gew.-% = wt-%
Potential equilibration when the gas atmosphere is changed
depends essentially on peroxide formation and decomposition in
accordance with (9). In agreement with Lux and Niedermaier [10],

it was found that equilibration 1s faster in a moist atmosphere

than 1n dry oxygen (Fig. 4). In oxygen, the removal of the result-
ing water i1s also deeisive. Accordingly, the rate of formation of

peroxide lncreases when the flow rate is raised. Compare Fig. 5 in
connection with (21).

From the effects of adding peroxide on the redox potential,
particularly under nitrogen, 1t can be inferred that the thermal
decomposition of the peroxide in accordance with (18) is still
strongly inhibited at 500° C. Since Nernst's equatlion (17) has
been confirmed experimentally, the concentration and activity of

the peroxide must be proportional, 1.e. the degree of dlssociation

is constant.
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Key: a. current density
b. onset of current fluctuations
The rest potentials measured for the metals Pt, Ag, Au, Ni,

and Fe are probably not genulne redox potentials of the melt, but
mixed potentials caused by corrosion of the metal. Since this cor-
rosion is very slight with e.g. Pt and Au, and since the rest po-
tentials under dry nitrogen-containingKgases are identical, with the
exceptlon of Fe, the mixed pctentials may colncide with the redox
potentlals. The shift 1n the rest potential of Ee(see Fig. 6) can
be interpreted as peroxide depitetlon in the melt as a result of iron
corroslon. Corroslion of ironiis more than an order of magnitude
~greater than that of the other metals [1]. Since peroxide flormatlion
is inhibited in accordance with (9), péroxide depletion can develop::
and thus raise the potential in accordance with (17). The initial

potentials for bare Ni and Fe electrodes observed undér nitrogen- /642

free gases were considerably more negative than those for Pt and
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can be interpreted, in agreement with Stern and Carlton [12], by
corrosion resulting in a covering layer. Traces of nltrogen are
sufficient to produce this covering layer and to bring the potential
to the Pt value [12,/13]. The negative initial potentials under
nitrogen provide an explanation for the fact that under these con-
ditions, silver deposits were found 1n corrosion tésts in silver
crucibles with Fe and Ni [1].

Polarization experiments showed that equilibration times were
very short, i.e. just a few minutes, so that potentiokinetlc meas-
urements with 2V/h could be conducted without any particular errors.
With anode polarization, the oxidation of the melt was accompanled
by dissolution of the electrode material. With the metals Ni, Fe,
Pt, and Au, covering layers formed and inhibited further dissolution
[1]. On the other hand, Ag produced no covering layer [1] and, in
agreement with Janz, Conte and Neuenschwander [13], who conducted
similar studies between 600 and 900O C in the ternary eutectic melt
L12003/Na2003/K2CO3, dissolves with a current-dependent Faraday
yield (Fig. 10 and 11).

Under dry oxygen or in peroxlde-contalning melts, an anode
reaction already takes place at potentlals between about -0.4 and
0 V. This may be oxidation of the peroxide in accordance with (2)
(Fig. 13). With ilncreasing oxygen content and thus decreasing per-

oxide content in the melt, limiting currents develop.

Under pure nitrogen, the depelopment of a 1imiting current is
observed above + 0.1 V for the ancde materials Pt, Fe,:and Ni (Fig. +»
12). 1In this case, what is involved is probably not oxidation of
peroxide residues in the melt, but instead oxidation of anode mater-
j3al. Evidence for this view is specifically the fact that for Pt,
which showed the highest limiting current of all the ancde méterials—
investigated, the currents were poorly reproducible and fluctuatlons
oceurred. The latter were more distinct and had greater amplitudes
under moist nitrogen (Fig..I4) and could be interpreted on the basis

(B3
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of potentiostatic holding tests by the dissolution of platinum, in-
duced by water vapor and disturbed by unstable covering-layer forma-
tion.

In the anode reaction above + 1.2 V, the reaction involved may
be oxidation of the melt to oxygen in accordance with (16). In the
electrochemical oxidation of thé mélt, the NaCH is immediately ox-
idized to oxygen by {(16). A stepwisé oxidation via peroxide does not
occur, since first no evidence was found for anodlc peroxide forma-
tion and second the oxldation of peroxide to oxygen takes place con-
siderably in advance of the oxidation of hydroxide ions. Similar
conditions were observed by Gerischer and Gerischer [15] in sulfuric
acid contalning HEOE‘ Small limiting currents were observed for the
metals Pt, Fe, and Ni with cathode polarization under nitrogen (Fig.
12). Probably, what is happening here is the reductilon of surface
oxides -- suggested by the higher current for Fe -- or the reduction
off peroxide residues in the melt. With platinum, limiting currents
which rose as the peroxide content of the melt increase were observed,
as found by Goret [7] (Fig. 13). The limiting current under N, with
10 vol-% 02 was between those for 2.2 and 3.4 wt-}% Nazoz, correspond-
ing to 0.9 and 1.4 wt-% 022_. However, since the peroxide content
was less than 0.1 wt-% after the same premelting time of 2 h under
02,
duced in accordance with (3), but also oxygen 1s reduced in accord- /643

it must be assumed that under nitrogen, nct only is peroxide re-

ance with (1). Under moist nitrogen, the development of limiting
currents was observed from about ,—1.u V in agreement with filgures
in the literature [5-7], which increased with rising water content
(Fig. 14). 1In this case, the reduction

2 HEO + 2e =_H2 + 2 OH™ (25)

may occur. The reduction of sodium lons in accordance with (273
or the reduction of hydroxide ions in accordance with (24) can be
assumed for the current rise from about --1.8 V (Fig. 13 and 14).
From Fig. 12, we can estimate thé decompositdon voltage, obtaining
about 2 V in agreement with CGoret [7].
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By combining the cathode reaction equations (23) and (24) the
anode reaction equation (16), the following overall reactions can

be derived

(a) for (23), NaOH == Na +10, + + H,0, (26)
(b) for (24),2NaoH=-!-02+éH20+%H2+Na§0- r | (27)

Assuming an activity of unity for all reaction partners at 500O c,
the decomposition voltage obtained from these equations is about
2.5 V for (26) and 2.0 V for (27). This result suggests that it
is (24) and not (23) which describes the cathode reaction.

Electrochemical studies, in connectlon with previously re-
ported corrosion tests [1], show that chemical processes and not
electrochemical ones are rate-determining for the dissolution of
metals and metal oxides in molten hydroxide. Chemiecal reaction of
the melt with oxygen in the alr forms peroxide, which is consumed

in the corrosion reaction.
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